ICF syndrome (immunodeficiency, centromere instability and facial anomalies) is a recessive human genetic disorder resulting from mutations in the DNA methyltransferase 3B (DNMT3B) gene. Patients with this disease exhibit numerous chromosomal abnormalities, including anomalous decondensation, pairing, separation and breakage, primarily involving the pericentromeric regions of chromosomes 1 and 16. Global levels of DNA methylation in ICF cells are only slightly reduced; however, certain repetitive sequences and genes on the inactive X chromosome of female ICF patients are significantly hypomethylated. In the present report, we analyze the molecular defect of de novo methylation in ICF cells in greater detail by making use of a model Epstein-Barr virus (EBV)-based system and three members of the unique cellular cancer-testis (C-T) gene family. Results with the EBV-based system indicate that de novo methylation of newly introduced viral sequences is defective in ICF syndrome. Limited de novo methylation capacity is retained in ICF cells, indicating that the mutations in DNMT3B are not complete loss-of-function mutations or that other DNMTs cooperate with DNMT3B. Analysis of three C-T genes (two on the X chromosome and one autosomal) revealed that loss of methylation from cellular gene sequences is heterogeneous, with both autosomal and X chromosome-based genes demonstrating sensitivity to mutations in DNMT3B. Aberrant hypomethylation at a number of loci examined correlated with altered gene expression levels. Lastly, no consistent changes in the protein levels of the DNA methyltransferases were noted when normal and ICF cell lines were compared.
INTRODUCTION
ICF syndrome (immunodeficiency, centromere instability and facial anomalies) is a rare autosomal recessive disorder caused by mutations in the DNMT3B de novo DNA methyltransferase gene (1) (2) (3) . The DNMT3B gene (4, 5) and the ICF susceptibility locus (6) have been independently mapped to human chromosome 20q11.2. Most ICF patients are compound heterozygotes for their DNMT3B mutations, and, with one exception, all of these mutations occur within the C-terminal catalytic domain of DNMT3B and likely fully or partially impair catalytic activity (2, 7) . Features of this disease include severe immunodeficiency with an absence or profound reduction in at least two immunoglobulin isotypes and in some cases impaired cellular immunity, neurologic and intestinal dysfunction, peculiar facial features, and delayed developmental milestones. Affected individuals usually suffer from severe respiratory tract infections, and often do not survive into adulthood (8, 9) .
Recent studies showed that ICF cells are extremely sensitive to ionizing radiation despite possessing intact cell cycle checkpoints (10) , and that many of the genes whose expression is dysregulated in ICF cells are in some way related to lymphoid cell development or function (11) . Cytologically, primary and cultured cells from ICF patients exhibit a marked elongation of juxtacentromeric heterochromatin, primarily affecting chromosomes 1 and 16, and, to a much lesser extent, chromosome 9. Abnormalities include multiradial chromosomes comprised of multiple arms (ranging from 3 to 12) of the above-mentioned chromosomes, whole-arm chromosome deletions or duplications, isochromosomes, centromeric breakage, translocations, and telomeric associations (8, 9, 12) .
At the molecular level, one of the most consistent features of ICF syndrome is the hypomethylation of juxtacentromeric repeat sequences on chromosomes 1, 9 and 16 (13) . Interestingly, these chromosomes contain the largest blocks of classical satellite long tandem repeat arrays (satellite 2 for chromosomes 1 and 16, and satellite 3 for chromosome 9) adjacent to their centromeres (13, 14) . These regions are normally heavily methylated in somatic cells, and such methylation is likely essential for proper centromere structure *To whom correspondence should be addressed. Tel: þ1 3015948055; Fax: þ1 3014964951; Email: robertk@mail.nih.gov and stability, and chromosome separation during mitosis (12, 13) . Bisulfite genomic sequencing of satellite 2 repeats revealed a reduction in methylation from $70% in normal lymphoblasts, to 20% in ICF cells (15) . Although there is a drastic loss of methylation from satellite sequences in ICF patients, the overall reduction in cellular 5-methylcytosine levels is relatively small. No detectable loss of methylation in cultured ICF EBV-immortalized lymphoblastoid cell lines (LCLs) was noted, and only a 7% decrease in DNA methylation levels in primary ICF brain tissue was detected, supporting the notion that mutations in DNMT3B lead to very selective losses of methylation from the genome (12, 16) . Other regions that have been shown to become hypomethylated in ICF patients include the non-satellite repeats D4Z4 and NBL2 (16), a-satellite repeats, Alu repeats, the imprinted gene H19 (17) , and a number of genes (G6PD, SYBL1, AR and PGK1) on the inactive X chromosome of female ICF patients (18) . Advanced replication time and biallelic expression of several genes on the inactive X chromosome was also noted in the latter study (18) . Interestingly, however, a recent microarray analysis that identified a number of genes whose expression is aberrantly up-or downregulated in ICF cells showed that there were no detectable methylation differences in these same genes (11) , further underscoring the complexity and our lack of understanding of how DNMT3B mutations give rise to the ICF phenotype.
In order to gain a better understanding of the types of DNA sequences whose methylation is established and/or maintained by DNMT3B, we analyzed a number of viral and cellular genes in two extensively characterized ICF cell lines (12) using both bisulfite modification analysis of DNA to examine methylation changes (19) and semiquantitative reverse transcriptase (RT)-PCR to monitor changes in gene expression. We made use of the fact that all ICF lymphoblastoid cell lines (LCLs) were established by in vitro infection with Epstein-Barr virus (EBV), a lymphotrophic g-herpesvirus that infects and immortalizes B cells with high efficiency but does not generally lead to gross chromosomal abnormalities or to cellular transformation (20) . Furthermore, the EBV minichromosome (or episome) is an extremely well-characterized system because it has been completely sequenced and its gene expression patterns upon infection and establishment of latency have been extensively studied (20) (21) (22) . The EBV genome is replicated and its genes transcribed largely by cellular factors in addition to one or more virally encoded proteins. Perhaps the most useful feature of EBV biology is that its methylation status has been extensively characterized and it is known to undergo defined de novo methylation events during the establishment of LCLs in vitro, thus allowing us to directly study defects in de novo methylation in cells lacking a functional DNMT3B gene (23) (24) (25) . Our results show that several EBV gene promoters exhibit significant methylation differences between ICF and normal LCLs, with concomitant changes in levels of viral gene expression, in those regions known to undergo de novo methylation as part of the EBV immortalization program (25, 26) . In fact, all studied EBV sequences expected to undergo de novo methylation were hypomethylated in ICF cells, indicating a global defect in de novo methylation. A number of cellular DNA sequences have been shown to be hypomethylated in ICF relative to normal cells (16, 18, 27) ; however, these sequences were also subject to developmental and lineage-specific influences on DNA methylation pattern establishment, which is a highly complex process. EBV infection and subsequent de novo methylation should therefore provide a 'snapshot' of the methylation defect in ICF cells present in the initial primary cell culture without these complicating influences. Further analysis of several cellular cancer-testis (C-T) gene promoters, whose CpG island promoters are known to be hypermethylated in normal cells (28) , revealed selective losses of methylation and gene reactivation in ICF cells. Thus, these studies provide the first direct evidence for defective de novo methylation in ICF cells, despite the presence of at least one other functional de novo methyltransferase [DNMT3A (29, 30) ], and shed additional light on the types of DNA sequences methylated by DNMT3B. This work also illustrates the utility of the EBV-based system for studying de novo methylation.
RESULTS
Global defects in de novo DNA methylation in ICF syndrome cells using an EBV-based model system
We have utilized two well-characterized ICF cell lines, termed ICF 1 and ICF 2 (8, 12, 31) . ICF 1 has a homozygous V726G mutation in DNMT3B and ICF 2 is heterozygous for an A603T mutation and an intron 22 G-to-A mutation resulting in a threeamino-acid insertion (STP) in DNMT3B (12) . As a comparison, the normal parents (referred to as normal male and female) of ICF 2, and in some cases an unrelated normal LCL, were used (31) . We utilized a combination of bisulfite genomic sequencing (BGS) (19) and methylation-specific PCR (MSP) (32) to monitor differences in the methylation status of four EBV gene promoter regions and RT-PCR to examine changes in expression of the associated genes. Numerous studies have shown that virtually all genes in EBV virion DNA are hypomethylated (33-35; Q. Tao and K.D. Robertson, unpublished data) yet the episomally maintained viral DNA in established LCLs is hypermethylated in a region-specific manner (24, 25) , making EBV infection an ideal system in which to study de novo DNA methylation events in cells defective for DNMT3B. Two EBV latency promoters (Cp and Wp) were examined (Fig. 1A) . These promoters are extremely well characterized in terms of their methylation status, and previous elegant work has shown that Wp, which is the first promoter active upon EBV infection, is initially completely hypomethylated (21, 25) . Wp drives expression of a viral transactivator termed EBNA-2, which binds to a region upstream of Cp (Fig. 1A) , via a cellular protein termed CBF1 (36, 37) . Cp then becomes active, Wp expression is shut down, and critical regulatory elements within Wp become de novo methylated (25) . MSP methylation analysis of the critical regulatory regions of Cp and Wp (Fig. 1B) revealed that both were significantly hypomethylated in ICF cells relative to their normal counterparts, although the detection of Cp methylation in the normals was somewhat unexpected since previous reports showed that Cp was unmethylated in LCLs by the less sensitive BGS assay (25) . The MSP results for Cp and Wp are quantitated and summarized in Figure 1C . RT-PCR analysis (Fig. 1D ) revealed a 4-5-fold increase in expression from these two promoters in the ICF cells. The primers employed in this analysis are downstream of Wp, and are therefore capable of detecting transcripts originating from both Cp and Wp. The increase in transcript levels most likely results from hypomethylation of Wp, since Cp is known to be active in all LCLs and Wp showed the greatest degree of hypomethylation in the ICF cells. Cp and Wp are alternative usage promoters and drive expression of the same set of six viral latency antigens expressed in LCLs (21) . Hypomethylation and expression of either promoter will therefore suffice for expression of these viral proteins.
We next analyzed two EBV immediate early lytic gene promoters: Zp and Rp (Fig. 1A) . Zp is the first promoter to be activated upon induction of the lytic cycle, and drives expression of the immediate early gene BZLF1, a viral transactivator. BZLF1 binds to regions upstream of Rp and in turn activates expression of Rp to produce BRLF1, which goes on to activate other genes involved in the production of infectious virus particles (38) (39) (40) . In some instances, expression of BRLF1 alone can initiate the lytic cascade (41, 42) . The EBV genome in LCLs exists predominantly in the latent, episomal state, but, by mechanisms that remain unclear, may undergo low-level spontaneous lytic cycle activation (40) . BGS was employed to examine the methylation status of individual CpG sites on cloned DNA molecules from the Rp and Zp regions shown in Figure 1A . Rp was highly hypomethylated in the ICF LCLs relative to the normals ( Fig. 1E and F) . Some heterogeneity between cloned DNA molecules could be seen, which has been noted previously for other EBV promoters (25, 26, 43, 44) ; however, clear differences could still be discerned between the normals and the ICF cells. Interestingly, expression of BRLF1 was directly correlated with Rp hypermethylation, in that BRLF1 was more highly expressed (8-9-fold) in the normal controls than in the ICF cells (Fig. 1G) . To determine whether the higher expression level of Rp resulted from higher levels of lytic infection in the normal LCLs compared with the ICF LCLs, the expression of two other lytic genes-an early lytic transcript (BHRF1) and a late lytic transcript (BLLF1)-was examined by RT-PCR. Results showed that there was indeed more lytic cycleassociated gene expression in the normal LCLs (Fig. 1H) , consistent with the higher Rp expression levels. No methylation was detected within the Zp region in any of the cell lines examined (Fig. 1F and data not shown), indicating that this gene may be controlled by other mechanisms in LCLs. We could detect expression of BZLF1 by RT-PCR at nearly equivalent levels in all cell lines (Fig. 1G) . Analysis of the Zp region also demonstrates that the EBV genome is not becoming globally hypermethylated upon infection, but rather is methylated in a region-specific manner-much in the way the mammalian genome is regionally methylated. Overall, the methylation data derived from the four EBV promoter regions is highly consistent (summarized in Fig. 1A ). All promoters that are subject to de novo methylation (Wp, Cp and Rp) in normal LCLs are highly hypomethylated in ICF cells, indicating that the ICF-specific mutations in DNMT3B lead to a global defect in de novo DNA methylation.
Selective DNA methylation defects in cellular gene sequences
The vast majority of the cellular DNA sequences that have been found to be aberrantly hypomethylated in ICF cells are repetitive elements of some kind [satellites 2 and 3, nonsatellite repeats and parasitic elements (13, 16, 45) ]. The functional transcribed genes most convincingly and consistently hypomethylated and aberrantly expressed in ICF syndrome cells appear to all reside on the inactive X chromosome in female ICF cells (18, 27) . We extended our search for DNA methylation defects to cellular genes. Technically, it is difficult to select a group of genes that is constitutively methylated in normal cells. We have taken advantage of a unique class of genes, termed cancer-testis (C-T) genes, most of which reside on the X chromosome. This class of genes is characterized by a highly restricted expression pattern (restricted to male germline cells) and promoters rich in CpG sites (CpG islands) (28, 46) . One of the most interesting features of the C-T genes examined in detail so far is that their CpG island promoters are always hypermethylated in normal somatic cells on one or both alleles, respectively, in male or female cells (for C-T genes on the X chromosome). Also, DNA methylation is thought to be the primary means of regulating their expression (28) . BGS was utilized to examine the methylation status of two well-characterized C-T genes: MAGE-A1 and LAGE-1/2 ( Fig. 2A) . Results indicated that the MAGE-A1 CpG island promoter was heavily methylated in all cell lines examined ( Fig. 2B and D) , and expression of the gene was not detectable by RT-PCR (Fig. 2E) . This is consistent with previous studies (28) . The LAGE-1/2 CpG island promoter was heavily methylated in ICF 1 and the normal controls; however, we found a large degree of hypomethylation of this region in the ICF 2 cell line ( Fig. 2C and D) . We observed a $ 2-fold decrease in methylation at the LAGE-1/2 promoter for ICF 2 (Fig. 2D) , and, interestingly, this was the only cell line positive for LAGE-1 expression by RT-PCR (Fig. 2E) . A number of the clones sequenced from this region were completely unmethylated at all CpG sites. As further comparison, we examined the methylation status of the CpG island promoter for a gene known to become aberrantly hypermethylated in tumor cells, p14 ARF (47, 48) . This gene resides on human chromosome 9. MSP revealed that there was no detectable methylation of this region in any of the cell lines, and RT-PCR analysis showed that the gene was equally expressed in all cell lines (data not shown).
The vast majority of C-T genes identified to date reside on the X chromosome, along with most of the genes shown to be hypomethylated in ICF cells. Thus, it may be that genes on the inactive X chromosome as a whole are more sensitive to the ICF mutation. Alternatively, C-T genes, because of their particular reliance on DNA methylation to maintain their highly restricted expression pattern, may be sensitive to the DNMT3B mutations in ICF syndrome regardless of their chromosomal location. To examine this further, we determined the methylation and expression status of an autosomal C-T gene called synaptonemal, complex protein 1 (SCP-1), located on chromosome 1p13. SCP-1 is expressed only in the meiotic prophase of spermatocytes, and is involved in meiotic chromosome synapsis of sperm cells (49) . The gene also contains a CpG island at its 5 0 end (50) . MSP analysis of the CpG-rich region of the SCP-1 promoter (Fig. 3A) showed that it was markedly hypomethylated in both ICF 1 and ICF 2 compared with the normal controls ( Fig. 3B and C) . MSP also revealed a high degree of hypermethylation of the SCP-1 CpG island in normal cells, which is consistent with other more well-characterized C-T genes (28) . RT-PCR expression analysis showed that, unlike MAGE-A1 and LAGE-1/2, SCP-1 mRNA was detectable in both normal and ICF cells (Fig. 3D) , consistent with the finding of unmethylated alleles in the normal control cell lines by MSP. However, a 3-6-fold increase in SCP-1 transcript levels was observed in the ICF cell lines by RT-PCR (Fig. 3E) . The finding of low-level expression of SCP-1 in the normal controls may indicate that factors other than DNA methylation are also involved in regulating the expression of this gene in LCLs.
Expression levels of the three known catalytically active DNA methyltransferases (DNMTs) in ICF cells
Our methylation and expression analysis of EBV sequences revealed that there is a global defect in new de novo methylation in ICF cells. There was, however, some de novo methylation detectable (Fig. 1B and C) . There are currently three known DNMTs that have been shown to be catalytically active in vivo and in vitro (1, 30, (51) (52) (53) . We wondered if the levels of the other DNMTs (DNMT1 and 3A) might be aberrantly expressed in ICF cells in an attempt by the cell to compensate for the loss of functional DNMT3B. Protein levels of DNMT1, 3A and 3B were examined by western blot using nuclear extracts prepared from normal and ICF cell lines. Our results indicate that levels of DNMT1 were not grossly altered in the ICF cells relative to the normal controls (Fig. 4) . The levels of DNMT3A were nearly identical in all cell lines. Western blotting for DNMT3B indicated that the mutant proteins were stable enough to be detected and that the normal female and male cell lines expressed mildly elevated levels of DNMT3B, although we do not know if this small but reproducible difference has functional significance. The two closely spaced bands in the DNMT1 and DNMT3B westerns are most likely post-translationally modified forms and splice variants, respectively, and can be observed with other antibodies as well (4, 52; and data not shown).
DISCUSSION
In the present work, we show for the first time that the de novo methylation of newly introduced sequences, known to undergo regulated de novo methylation events, is globally defective in ICF syndrome cells. Our data further underscore the notion that genes on the inactive X chromosome in female ICF cells are sensitive to the ICF DNMT3B mutations. Results also indicate that the C-T gene family may be a new class of DNA sequences that are also reliant on DNMT3B for their proper methylation, regardless of their chromosomal location. Aberrant hypomethylation was highly correlated with changes in expression of the associated genes.
EBV as a model system for studying de novo methylation
We made use of the well-characterized nature of EBV biology, in particular the defined de novo methylation events that the virus is known to undergo upon infection and establishment of an immortalized lymphoblastoid cell line, to gain insights into the nature of the methylation defect in ICF syndrome. The EBV virion DNA is hypomethylated (35) , and provides both an efficient gene delivery system and a set of DNA sequences known to become de novo methylated as a part of their normal biology. This system also removes the complicating influence of genome-wide methylation remodeling events that occur during embryonic development and to which all cellular DNA sequences are subject (54) . Our studies also reveal that ICF cells retain the capacity for some de novo methylation, since, although methylation levels were highly reduced in all regions of EBV that we examined, some methylation, especially in the Wp region, could still be detected. This is consistent with Dnmt3a and Dnmt3b mouse knockout studies, which indicated that while there was some functional redundancy between the de novo methyltransferases, the presence of one DNMT3 family member could not completely compensate for loss of the other (1). We were able to detect expression of all three known catalytically active DNA methyltransferases (DNMT1, 3A and 3B) in the ICF cell lines, and although there were small variations in the expression levels between normal and ICF cells for some of the DNMTs, no ICF-specific differences were observed (such as upregulation of DNMT3A). The fact that all EBV regions examined were highly hypomethylated in ICF cells, yet our analysis of the MAGE/LAGE cellular gene region indicated normal or near-normal levels of methylation [these regions are hypomethylated in sperm and so must be de novo methylated during development (28)], reinforces the notion that ICF cells retain significant de novo methylation activity toward cellular gene sequences during the methylation remodeling phases of embryonic development.
One of the advantages of using the EBV system to monitor de novo methylation events is that it should provide a 'snapshot' of the capacity of primary ICF patient-derived B cells first put into culture to perform de novo methylation. This de novo methylation would then be copied by the maintenance DNA methyltransferase DNMT1 through subsequent cell divisions and the establishment of the immortalized cell line. It is known, however, that in vitro cell culture may lead to aberrant hypermethylation events, particularly in genes not necessary under cell culture conditions (55, 56) . While some of the methylation that we are observing may be due to cell culture or the immortalization process, the fact that we can still observe clear methylation differences after prolonged culture argues against the idea that we are measuring only cell cultureor immortalization-induced artifacts. It has been shown by others that methylation patterns within an EBV episome are stably maintained (57) . Thus, although we were unable to perform these studies using primary ICF B cells owing to the rarity of ICF syndrome, it seems reasonable to conclude that the methylation defects found in the established cell lines would also be observed in a very early-passage culture of ICF B cells infected with EBV. An additional limitation to these studies is that we were restricted to using lymphocytes, since EBV is only capable of infecting and immortalizing B cells. The mechanisms regulating de novo methylation are still poorly understood at present; however, there is currently no evidence to suggest that the machinery involved in de novo methylation is different in B cells compared with other cell types. Another factor to be considered when using the EBV-based system is that the EBV genome is a viral sequence that is maintained as an autonomously replicating episome, which replicates once per division with the host genome. Numerous previous studies have shown, however, that EBV-based episomal systems are excellent models for studying various aspects of DNA methylation, including de novo methylation (57-59). The episome is replicated almost entirely by cellular factors during latency, and has been shown to be packaged into chromatin in a manner analogous to cellular genes (60). Thus we feel that these features make the EBV-based system an ideal model for studying de novo methylation and provide additional support that the results we have obtained using this system truly reflect the cellular phenotype of the ICF methylation defect. Lastly, it should be noted that while the only known genetic difference between the normal and ICF cells is the presence of a mutant DNMT3B gene, the methylation defects that we observed in both the viral and cellular sequences may be influenced by indirect effects of DNMT3B mutation. These could include changes in chromatin structure, alterations in protein binding, and aberrant expression of other genes involved in regulating DNA methylation patterns.
Methylation defects in cellular sequences compared with viral sequences
We extended our analysis of viral DNA sequences to a unique class of cellular genes: the cancer-testis (C-T) gene family.
Members of this class of genes include the MAGE family (18 related genes), GAGE and LAGE/ESO families, all of which reside on the X chromosome (28) . An autosomal C-T gene, SCP-1, has also been identified (49) . The promoter regions of these genes are rich in CpG sites [and fit the definition of a CpG island as described in (61)] and (unlike most CpG islands) are hypermethylated, and the associated genes are silent, in all normal cells with the exception of male germline cells (28) . DNA methylation appears to be the primary silencing mechanism for the MAGE and LAGE genes, and therefore we thought that they would be good candidates for analysis in ICF cells. BGS and RT-PCR analysis showed that the heavily methylated status of MAGE-A1 and LAGE-1 was largely maintained in ICF cells. Previous studies have indicated that genes on the inactive X chromosome, unlike autosomal genes, may be sensitive to the ICF mutation (18) . We observed a $50% decrease in methylation of the LAGE-1 promoter in the ICF 2 cell line. Given that ICF 1 is derived from a male ICF patient and ICF 2 is derived from a female ICF patient, it is likely that we are observing loss of methylation and re-expression from a single allele of LAGE-1 in ICF 2, especially since many of the sequenced clones were hypomethylated at all CpG sites in an individual molecule. Thus our results support the notion that some, but not all, genes on the inactive X chromosome may be reliant on DNMT3B for proper methylation and gene silencing. Our data from the SCP-1 C-T gene on chromosome 1p13 shows that, while its expression did not appear to be as tightly regulated as for the MAGE/LAGE genes, its methylation was markedly reduced in the ICF cells. Thus, the C-T gene family may represent a previously unrecognized class of genes that are reliant on DNMTB for proper de novo methylation. Owing to the low occurrence of ICF syndrome, our studies were limited to only two ICF cell lines. Future work will include analysis of additional C-T genes in these and other ICF cell lines as they become available. The comparison between viral and cellular genes also underscores the additional levels of complexity in understanding the ICF phenotype when studying only cellular genes, which have been exposed to complex and poorly understood demethylation and remethylation events occurring during embryonic development and differentiation (54) .
Could the defects in de novo methylation that we observed be in some way related to an intrinsic property of the DNA sequences themselves, or do other factors play a role? Analysis of the sequences examined by BGS and MSP, in terms of GC content and frequency of the CpG dinucleotide, indicates that the MAGE/LAGE/SCP-1 gene regions are $2-3-fold more CpG-rich than the EBV promoter regions examined. However, we observed that the Zp region was never hypermethylated and that the MAGE-A1 region was faithfully hypermethylated in ICF cells; thus, the intrinsic composition of the DNA sequence does not appear to play a consistent role. Does the specific DNMT3B mutation in each of the ICF cells play a role in the severity of the defects that we observed? As mentioned previously, the ICF 1 cell line contains a homozygous V726G mutation in DNMT3B and the ICF 2 cell line is heterozygous for an A603T mutation and an intron 22 G-to-A mutation resulting in a three-amino-acid insertion (STP) in DNMT3B (1, 3, 12) . Given that ICF 1 and ICF 2 are derived from patients of different sex, we cannot draw conclusions on the effects of the DNMT3B mutations using the X-linked genes. Considering the EBV sequences and the SCP-1 gene, however, indicates that the heterozygous mutations in DNMT3B in ICF 2 may be more severe (consistently lower methylation in Cp and Wp regions and higher expression for SCP-1). The V726G mutation occurs between conserved methylase motifs VI and IX, a region thought to be involved in DNA binding, while the A603T mutation occurs near conserved methylase motif I, thought to be involved in cofactor (S-adenosyl-L-methionine) binding; and the three-amino-acid insertion (STP) also occurs between conserved methylase motifs VI and IX, and could therefore have an impact on DNA binding (62) . The DNMT3B proteins present in the cells of ICF 2 may be functionally impaired to a greater degree owing to a reduced ability to bind DNA compared with the homozygous mutation in DNMT3B in ICF 1 cells. Additional structure-function studies and examination of significantly more ICF cell lines, which are quite rare, will be required before any firm correlation can be made.
Our results clearly show that ICF-specific mutations in DNMT3B result in impaired de novo methylation of newly introduced DNA sequences known to normally undergo de novo methylation. We also show additional evidence that specific genes on the X chromosome are susceptible to mutations in DNMT3B and that the levels of other DNMTs are not consistently altered in ICF cells. Our analysis also indicates that the C-T gene family may represent a new class of sequences sensitive to DNMT3B mutations, regardless of their chromosomal location. Furthermore, our results indicate that de novo methylation is not completely eliminated by mutations in DNMT3B, and therefore either these mutations do not completely eliminate DNMT3B catalytic activity or other DNMTs, such as DNMT3A, are also involved in de novo methylation. However, the other DNMTs still cannot compensate for the methylation functions of DNMT3B. Lastly, our data illustrate the utility of the EBV-based system for dissecting the complex and poorly understood process of de novo methylation, and future studies with this system should continue to provide useful insights into how mutations in DNMT3B affect DNA methylation.
MATERIALS AND METHODS

Cell lines and tissue culture
EBV-immortalized LCLs used in these studies were derived from two ICF patients: patient B from (8) and patient C [GM 08714, NIGMS Human Mutant Cell Repository (31)]. These patients are referred to as 'ICF 1' and 'ICF 2', respectively, in this paper. Patient B is a male homozygous for a V726G mutation (3) and patient C is a female heterozygous for an A603T mutation and an intron 22 G-to-A mutation resulting in a three-amino-acid (STP) insertion (1). Normal control LCLs included patient C's parents [GM 08728 (mother) and GM 08729 (father), referred to here as 'normal female' and 'normal male'] and another unrelated LCL ['normal LCL'] purchased from the American Type Culture Collection (CCL 256.1). Cells were maintained in RPMI1640 supplemented with 15% heatinactivated fetal calf serum (Life Technologies).
Bisulfite genomic sequencing (BGS)
Genomic DNA was extracted from fresh cell pellets with Tri Reagent (Molecular Research Center, Inc., Cincinnati, OH). Two to five micrograms of genomic DNA was digested with EcoRI in a 30 ml volume, then denatured by adding 3 ml of 3 M NaOH at 37 C for 15 min. Denatured DNA was mixed with 333 ml of bisulfite solution and treated in darkness for 4 h at 55 C. The bisulfite solution was prepared as 2.4 M sodium metabisulfite (pH 5.0-5.2) (Sigma)/0.5 mM hydroquinone. Treated DNA was desalted and purified using the Qiaex II kit (Qiagen). DNA was then treated with 0.3 M NaOH at 37 C for 15 min and precipitated with 3 M ammonium acetate and 3 volumes of ethanol. Recovered DNA was dissolved in 20-50 ml of TE buffer (pH 8.0) and stored at À20 C. The bisulfite-treated DNA was PCR-amplified with strand-specific primers as described in (43, 63) . The PCR products were electrophoresed and purified using Spin-X tubes (Costar, Corning, NY), and then cloned into the pCR2.1-TOPO cloning vector (Invitrogen, Carlsbad, CA). Plasmid DNA was extracted and sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing Kit and a PE ABI 377 sequencer. Methylation-specific PCR (MSP) was performed exactly as described previously (26) . Standardization curves of PCR cycle number versus product yield for MSP reaction were performed (data not shown), and the cycle numbers utilized were within the linear amplification range. All reactions were performed in triplicate. The primers used to amplify regions for BGS and MSP analysis are listed in Table 1 . The BGS primers for MAGE-A1 amplified the region between À105 and þ225 and the LAGE-1/2 primers amplified the region between À112 to þ134, relative to the respective transcription initiation sites.
Semiquantitative RT-PCR
Total RNA was extracted from fresh cells using RNazol B (Teltest, Inc.). RT-PCR was performed as described in (63), using AmpliTaq Gold (PE Biosystem, Foster City, CA). The PCR program started with an initial denaturation at 95 C for 10 min, followed by 35-37 cycles (94 C for 30 s, 51 C or 60 C for 30 s, and 72 C for 30 s) of amplification, with a final extension at 72 C for 10 min. PCR bands were visualized under ultraviolet light, photographed, and quantitated with the EagleEye digital gel documentation system and the supplied densitometry software (EagleSight Software, version 3.2, Stratagene, La Jolla, CA). Initial studies on the standardization curves of RT-PCR cycle number versus product yield for the EBV and cellular genes showed that linear amplification occurred between 25 and 40 cycles (data not shown). Therefore 35-37 cycles of PCR were used for our semiquantitative RT-PCR analysis. All reactions were performed in triplicate. GAPDH was used as a control for RNA integrity, and only 20 cycles of amplification were used. The GAPDH primers were designed according to the GAPDH mRNA sequence (GenBank accession no. M33197). All primers used to amplify transcripts are listed in Table 1 .
Nuclear extracts and western blotting
Nuclear extracts were prepared from normal and ICF cell lines exactly as described in (64) . Western blotting was performed as described in (65) , with rabbit antibodies raised against bacterially expressed recombinant protein (amino acids 914-1087, Covance) for DNMT1, or anti-peptide antibodies raised against DNMT3A (Santa Cruz P-16) and DNMT3B (peptide sequence ESPPPKRLKTNSYGGKDRGE, Research Genetics). The antibodies for DNMT3A and DNMT3B did not cross-react with each other (data not shown). For western blots, equal microgram amounts of nuclear protein were loaded into each lane, run on a 6% SDS-PAGE gel, and transferred to PVDF membrane for western blotting.
